Symmetry-protected Spinful Magnetic Weyl Nodal Loops and Multi-Weyl
  Nodes in $5d^n$ Cubic Double Perovskites $(n=1,2)$ by Song, Young-Joon & Lee, K. -W.
ar
X
iv
:2
00
7.
05
15
2v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 10
 Ju
l 2
02
0
Symmetry-protected Spinful Magnetic Weyl Nodal Loops and Multi-Weyl Nodes
in 5dn (n = 1, 2) Cubic Double Perovskites
Young-Joon Song1 and Kwan-Woo Lee1,2
1Division of Display and Semiconductor Physics, Korea University, Sejong 30019, Korea
2Department of Applied Physics, Graduate School, Korea University, Sejong 30019, Korea
(Dated: July 13, 2020)
Using both an effective three-band model and ab initio calculations, we have investigated vari-
ous topological features in the cubic ferromagnetic 5d1,2 systems showing large spin-orbit coupling
(SOC): Ba2NaOsO6, Sr2SrOsO6, and Ba2BReO6 (B= Mg, Zn). In the presence of time-reversal
symmetry (T ), spinless Dirac nodal loops linked to each other at the W -points appear in the mirror
planes. Remarkably, breaking T leads to spinful magnetic Weyl nodal loops (MWNLs) that are
robust even at large SOC and correlation strength U variation due to the combination of mirror
symmetry and broken T . Additionally, there are two types of magnetic Weyl points with chiral
charges |χ| = 1, 2 along the C4v symmetry line, and another type-II MWNL encircling the zone cen-
ter that are dependent on U . Furthermore, the ferromagnetic Ba2ZnReO6 is an ideal half-semimetal
with MWNLs and magnetic Weyl nodes at the Fermi level without the interference of topologically
trivial bulk states. These systems give rise to a remarkably large anomalous Hall conductivity σxy
of up to 1160 (Ωcm)−1. Our findings may apply widely for t2g systems with cubic (or slightly
distorted) FCC-like structures.
I. INTRODUCTION
The rocksalt-like double pervoskites host abundant ex-
otic physical properties related to interactions among the
spin, orbital, and lattice degrees of freedom. They have
been considered as potential candidates for various ap-
plications of spintronics, multiferroics, magnetocalorics,
and even solar cells. In heavy transition metal systems,
the large spin-orbit coupling (SOC) leads to the uncon-
ventional relativistic Mott transition.[1, 2] When the sys-
tems contain magnetic ions, half-metallic ferromagnets
(FMs) or antiferromagnets can emerge.[3, 4] Recently,
their topological characters have also been begun to be
investigated.[5]
Recent progresses in topological physics are striking
experimentally and theoretically. In addition to topolog-
ical insulators, topological semimetals and metals have
been intensively investigated, in particular in three-
dimensional (3D) systems.[6] In 3D systems with both
time-reversal (T ) and inversion (P) symmetries, linearly
crossing bands form 4-fold Dirac points (DPs). Breaking
either P or T (or both)[7] splits a DP into a pair of Weyl
points (WPs) with opposite chiralities, leading to a Fermi
arc surface state connecting the pair of WPs. Systems
with these DPs or WPs show various abnormal trans-
port properties like ultra-high mobility, extremely large
magneto-resistance, and the chiral anomaly.[8, 9] Mag-
netic Weyl phases have been observed very recently in the
FM Fe3Sn2[10] and Co3Sn2S2[11, 12] with a kagome´ lat-
tice, and the FM CeAlGe with a nonsymmorphic tetrag-
onal structure[13], whereas a P-broken Weyl phase was
observed just a few months after its prediction.[14]
In addition to the ordinary WP with a chiral charge
|χ| = 1, corresponding to the number of the Fermi
arcs, multi-WPs with higher chiral charges χ have been
proposed,[15, 16] and some of them have been experimen-
tally observed.[17] Weyl fermionic states with |χ| = 2
can emerge in quadratically touching points,[18, 19] in
linearly crossing four-bands,[20] and in linearly cross-
ing two-bands with an additional flat band crossing the
nodal point[15]. The first two are called double WPs,
and the last one is the spin-1 chiral fermion. In the ab-
sence of T , a single-spin double WP can appear along
the C4,6-rotation axis, when two bands touch quadrat-
ically in the direction perpendicular to the rotational
axis.[16, 21, 22] For 3D crystals with screw symmetry
nm(n = 4, 6), multi-Weyl nodes of |χ| = 2, 3 when P ∗ T
is broken have also been suggested[23, 24]. Systems with
multi-WPs were suggested to show distinctive optical and
electromagnetic responses.[25, 26]
The Dirac (or Weyl) nodes can form a 1D nodal
line or loop,[27, 28] a 2D nodal surface,[29–32] or vari-
ous kinds of 3D nodal links.[33–37] The nodal lines or
loops (NLs) lead to a less dispersive surface band con-
necting two nodes, dubbed the drumhead state,[27] giv-
ing rise to a large surface density of states. One may
expect instabilities toward surface superconductivity or
magnetism,[38, 39] when NLs are close to the Fermi en-
ergy EF . Additionally, similar to the type-II WP,[40]
a Weyl line with a tilted Weyl cone on the NLs has
been proposed.[41, 42] In contrast to the conventional
Weyl NL, distinctions in the magnetic and optical re-
sponses in the type-II NL like a collapse of the Landau
levels resulting from the effective masses of the two bands
having the same signs in the tangential direction have
been suggested.[42, 43] Recently, Chang et al. observed
the type-II NL in Mg3Bi2 with a La2O3-type struc-
ture through angle-resolved photoemission spectroscopy
measurements.[44]
As is often in topological properties[7], the effects of
SOC are one of the vital ingredients in these NLs, re-
gardless of their types. Systems with NLs robust against
SOC are very rare, since SOC often opens a gap in
these NLs. Additional crystalline symmetries can pro-
FIG. 1: (a) Brillouin zones (BZs) of bulk and (001) surfaces
with high symmetry points of the FCC structure. (b) Spinless
nodal loops, penetrating the BZ, in the T -preserved case. The
light (green) colored loops are represented in the extended
zone scheme for better visualization. As shown on the front
face, each loop is linked at theW -points at the middle of each
side.
tect these NLs.[27, 45–50] Alternatively, in the broken-
T case, NLs protected by a mirror symmetry are ro-
bust against SOC.[51, 52] However, T -broken NLs have
been proposed in relatively limited systems[53–55], and
no Weyl NL without T has been realized yet.
In this paper, we will address various topologi-
cal features of the cubic double perovskite osmates
Ba2NaOsO6 and Sr2SrOsO6, and rhenates Ba2BReO6
(B=Mg, Zn), using both model and ab initio ap-
proaches. The osmates are rare examples of (nearly) cu-
bic FM insulators with Curie temperatures TC ≈ 8 K
(Ba2NaOsO6)[56, 57] and 1000 K (Sr2SrOsO6)[58]. The
FM rhenates have TC ≈ 10 − 20 K.[59] These systems
show large t2g − eg crystal field splittings of several eV
and large p − d hybridization gaps of roughly a few eV,
leading to an isolated and partially filled t2g manifold,
as observed in Ba2NaOsO6[1]. Thus, these systems can
be described well by an effective three-band model of the
t2g manifold. Remarkably, in these systems, the inter-
play of strong SOC on the order of 0.3 eV, moderate
correlation strength of a few eV, and crystalline symme-
tries significantly affects their topological characters, as
will be discussed below. Our results show various rare
and interesting topological properties: spinful magnetic
Weyl nodal loops (MWNLs) of two different types, multi-
Weyl nodes of chiral charge |χ|=2, half-semimetals with
MWNLs and WPs at EF , and high anomalous Hall con-
ductivity σxy. A system that possesses both half-metallic
and topological characters near EF is a promising candi-
date for spintronics applications with small energy dissi-
pation and high speed performance.[60, 61]
The rest of this paper is organized as follows. The
computational approaches are described in Sec. II. In
Sec. III, the results obtained from the effective three-
band models are presented. The topological characters of
the osmates are discussed in Sec. IV. The ideal magnetic
Weyl half-metallic character in the rhenates is presented
in Sec. V. Then, a brief summary follows in Sec. VI.
II. CALCULATION METHODS
In the cubic double perovskites (space group: Fm3¯m),
the experimental lattice parameters of 8.287 A˚ for
Ba2NaOsO6[56, 57], 8.23 A˚ for Sr2SrOsO6[58], 8.07 A˚ for
Ba2MgReO6[59], and 8.10 A˚ for Ba2ZnReO6[59] were
used. The internal parameters of the oxygen positions
were relaxed using the generalized gradient approxima-
tion (GGA)[62] until the force was smaller than 1 mRy.
We obtained values consistent with the experiments[57–
59].
We performed ab initio calculations based on the GGA
exchange-correlation functional implemented in the ac-
curate full-potential all-electron code wien2k.[63] The
effects of correlation and SOC in these 5d systems
were treated with the GGA+SOC+U approach. In the
GGA+SOC calculations, we chose the magnetization di-
rection to be along the (001) axis, which is the highest
symmetry direction, because of the tiny observed mag-
netic anisotropy.[58]. To obtain an insulating state, we
used the effective Ueff = U − J = 3 − 6 eV, which is
somewhat dependent on the specific systems. Here, U
and J are the on-site Coulomb repulsion and the Hund’s
integral, respectively. Such a large critical value of U ceff
for the metal-insulator transition is necessary due to the
strong p− d hybridization in these systems, as discussed
by Lee and Pickett,[1] although a much smaller U ceff is
usually expected for such an extended 5d orbital. We also
carried out calculations with a separate U and J scheme,
and obtained similar results. We will hence present only
the results obtained from the Ueff scheme.
In wien2k, the FCC-like Brillouin zone (BZ) shown in
Fig. 1(a) was sampled by a dense regular k-mesh contain-
ing 1992 points in the irreducible wedge. The basis size
was determined by RmtKmax = 7 and the augmented-
plane-wave sphere radii (in units of atomic unit): Os
2.1, O 1.4, Ba 2.3, Na 2.2 for Ba2NaOsO6; Os 2.1, O
1.45, Sr 2.1 for Sr2SrOsO6; Re 2.2, O 1.43, Ba 2.3, Zn
2.15 for Ba2ZnReO6; Re 2.2, O 1.43, Ba 2.3, Mg 1.7 for
Ba2MgReO6.
In addition to the effective three-band model that will
be discussed in the next section, we obtained the Hamil-
tonian for the t2g states near EF using the maximally
localized Wannier functions technique, implemented in
the wannier90[64], to investigate the topological char-
acters. To prepare the input files for the wannier90,
the wien2wannier program was used.[65] The full BZ
was sliced by a 17×17×17 k-mesh to obtain the Wan-
nierlized Hamiltonian with 6 initial orbitals. With these
Hamiltonians, the surface states were obtained using the
iterative Green function method[66], implemented in the
wanniertools package[67].
The anomalous Hall conductivity (AHC) σxy was cal-
culated with a fine 300×300×300 k-mesh. The AHC σxy
is directly related to the Berry curvature via the Kubo
2
formula[68, 69]
σxy = −
e2
h¯
∑
n
∫
d3k
(2π)3
Ωnxy(
~k)fn, (1)
where fn is the Fermi-Dirac distribution function. Mea-
suring AHC is one of the recent experimental approaches
to efficiently observe the topological characters.[10, 70]
The Berry curvature Ωnxy of the n
th band is given by
Ωnxy(
~k) = −2Im
∑
m 6=n
< ψn(~k)|
∂H
∂kx
|ψm(~k) >< x→ y >
∗
[
εm(~k)− εn(~k)
]2 .(2)
Here, ψm(~k) and εn(~k) are the n
th Bloch eigenstates and
eigenvalues of the Hamiltonian H(~k).
III. RESULTS OF THREE-BANDS MODEL
First, we describe the results obtained from the effec-
tive three-band model calculations. The model HTB for
the isolated t2g manifolds can be well described by the
three nearest-neighbor (NN) hopping parameters of tσ,
tpi, and tδ, as previously shown in Ba2NaOsO6[1]. We
also include SOC with a strength of ξSOC and the ex-
change splitting ∆ex term. The latter term is included
to investigate the T -broken case. The full Hamiltonian
Ht2g is hence given by
Ht2g = HTB + ξSOC~L · ~S +∆exσz , (3)
where σz is the Pauli matrix. The effects of correlation
will be discussed in the realistic systems (see below).
A. Presence of Time-reversal symmetry
For the T -preserved case, i.e., neglecting ∆ex in the
model above, we first consider the effects of the NN hop-
ping parameters, and then of SOC.
As the hopping parameters are varied, the band struc-
tures are given in Figs. 2(a) and 2(b). The inclusion of
only tσ yields a linearly crossing band at the W point
and a two-fold (neglecting spin) degenerate band along
the K −Γ line. Adding tpi makes the flat band along the
Γ−X line dispersive, as shown in Fig. 2(b). Remarkably,
the two-fold degeneracy along the K−Γ line is removed,
resulting in another linearly crossing band in the middle
of the K −Γ line. The crossing bands marked by arrows
in Fig. 2(b) lead to spinless Dirac NLs penetrating the
BZ on the mirror planes ofMx,My, andMz. As shown in
Fig. 1(b), these loops with rounded square shapes in the
FCC BZ are of the outer nodal chain-type[33] that are
linked at the W -points, i.e. at the halfway of each side.
Note that these loops are protected by the mirror and C4
symmetries, as discussed by a two-band model.[37] As ex-
pected, the effect of small tδ on the topological characters
is negligible.
FIG. 2: Evaluation of T -preserved band structures of the
three-band model, when (a) only tσ, (b) both tσ and tpi, and
(c) additional tδ and SOC of ξSOC = 0.2 eV were included. In
these plots, tσ = −0.2 eV is used for illustration. In (b) and
(c) we also used tpi = −tσ/4 and tδ = tpi/2. The arrows in
(b) denote DPs. The horizontal (blue) dashed lines indicate
each Fermi level EF of the d
n configuration (n = 1, 2, 3).
Once the SOC is included, as observed previously[27],
a gap opens at every node [see Fig. 2(c)]. However, this
gap opening leads to another topological character, as
will be discussed in the real systems (see below). Note
that the gap lies near the d2 EF in the T -preserved case.
B. Broken time-reversal symmetry
The T -broken case is treated with the exchange split-
ting ∆ex, which converts each DP into a pair of WPs
separated by ∆ex (not shown here). As a result, each
Dirac NL splits into a pair of magnetic Weyl nodal loops
(MWNLs) on each mirror plane, again separated by ∆ex.
Next, in addition to ∆ex, we apply SOC with a mag-
netization direction of (001). Hence, only the mirror
symmetry Mz, which is perpendicular to the kz axis, re-
mains, whereas Mx and My are vanished. As shown in
the band structure in Fig. 3(a), the SOC leads to the
other remarkable topological features of spinful MWNLs
and two-types of WPs. The two bands linearly cross-
ing at the W -point and in the middle of the K − Γ line
have opposite mirror eigen values of ±i about Mz, as
depicted in Fig. 3(a). Thus, they cannot be hybridized
with each other by SOC(001) on the Mz (i.e., kz = 0)
plane, leading to a gapless state. As a result, in contrast
to the T -preserved case, the MWNLs survive on the Mz
plane, even after SOC(001) is applied. The combination
of mirror and broken T symmetries protects these spinful
3
FIG. 3: (a) Band structure of the three-band model, when
breaking T by ∆ex = 0.3 eV in Fig. 2(c). Along the Γ-Z line,
two types of WPs, denoted by W1 and W2, emerge. The ±i
indicate the mirror eigenvalues of the two bands that produce
nodal loops. The Fermi energies of dn (n = 1, 2, 3) are denoted
by the (blue) dashed lines. (b) Band dispersions around the
W2 point on a plane perpendicular to the kz-axis, implying
an exotic Weyl node. (c) Plots of the Wannier charge center
(WCC) of the (top) W1 and (bottom) W2 points. (d) Band-
resolved chiral charge χn(kz) along the kz-axis for the lowest
three bands (labeled in order of lower energy).
NLs[7, 51, 52], which have been very rarely predicted in
realistic compounds.
Another interesting feature appears along the the Γ−Z
line with the C4v symmetry. Below the EF of the d
3 con-
figuration, there are two linear band crossings denoted by
W1 and W2 in Fig. 3(a), which suggest magnetic WPs.
The positions of the W1 and W2 points at (0,0,kzc)
pi
a
are
determined by hopping parameters, ∆ex and ξSOC , as
given below:
kzc(W1) = cos
−1[1 +
∆exξSOC
(2∆ex + ξSOC)t
], (4)
kzc(W2) = cos
−1[1 +
2∆ex
t
], (5)
where t = 3tσ − 2tpi − tδ is negative for the tσ. Here, the
kzc values are 0.1461 and 0.4448 for W1 and W2, respec-
tively. For ∆ex = 0 these points merge into one point
at the zone center, as obtained in the T -preserving case.
Note that kzc(W2) is independent of the SOC strength.
In particular, as shown in Fig. 3(b), the band touch-
ing with opposite effective masses at W2 is unusually
quadratic in the direction perpendicular to the rotation
axis, implying an exotic Weyl node.[16, 21, 22] To un-
cover the origin of these nodal points W1 and W2, their
Wannier charge centers (WCCs),[71] implemented in the
wanniertools package[67], were calculated. Figure 3(c)
shows the results obtained for W1 and W2. As expected
from the unusual dispersion, the WCC of W2 indicates a
multi-WP with a chiral charge |χ| = 2, whereas that of
W1 indicates a conventional WP of |χ| = 1.
In order to confirm these chiral charges, we consider
a minimal 2D Hamiltonian obtained by expanding the
Hamiltonian HTB of Eq. (3) to second order. Ignoring
the spin, the Hamiltonian h(qx, qy) is given by

 a−Aq
2
x −Bq
2
y 0 Dqx
0 a−Bq2x −Aq
2
y Dqy
Dqx Dqy b− C(q
2
x + q
2
y)


in the basis of {dyz, dxz, dxy}. Here, the coefficients of
the quadratic terms are A = t1(1 + ckc), B = t1 + t2ckc
and C = t2 + t1ckc, whereas that of the linear term is
D = t3skc. The zeroth order terms are a = ε0 + t1(1 +
ckc)+t2ckc and b = ε0+t2+2t1ckc, where ckc = cos(kzc
pi
a
)
and skc = sin(kzc
pi
a
). The hopping parameters are
t1 = 2(tpi+ tδ), t2 = 3tσ+ tδ, and t3 = −2(tpi− tδ). Using
Eq. (3) with this Hamiltonian, we calculated the band
resolved chiral charge χn(kz), directly from the summa-
tion of the Berry curvatures Ωz(~k) by using the gauge-
invariant representation of the Chern number on each
plane of a sliced BZ along the kz direction.[72] The chi-
ral charge χ at a WP is the summation of χn over all
the bands below the WP. The obtained results for the
three bands forming W1 and W2 along the kz-axis are
given in Fig. 3(d), indicating one pair of ordinary WPs
and another pair of multi-WPs with |χ| = 2. Each pair
has opposite chiralities. Therefore, this magnetic phase
hosts symmetry-protected MWNLs robust under SOC,
and two types of magnetic WPs along the C4v rotational
axis.
IV. APPLICATION TO OSMATES
The results obtained from the effective model sug-
gest that cubic FCC-type systems with abundant crys-
talline symmetries are promising candidates for diverse
interesting topological features depending on T and
SOC. As realistic examples, we investigated four cu-
bic double-perovskite 5dn FMs possessing large SOC:
5d1 Ba2MgReO6, Ba2ZnReO6, and Ba2NaOsO6; 5d
2
Sr2SrOsO6. At the nonmagnetic (NM) GGA level, the
isolated t2g manifolds of these systems have the very sim-
ilar structures, except for EF and bandwidth (see below).
These can be well described by the effective 3-band model
TABLE I: On-site energy ε0 and hopping parameters of
Ba2NaOsO6, Sr2SrOsO6, Ba2ZnReO6, and Ba2MgReO6, in
units of meV. The values for Ba2NaOsO6 are identical to
those of Ref. [1]. The t′pi indicates the NNN ddpi parameter.
ε0 tσ tpi tδ t
′
pi
Ba2NaOsO6 202 -121 64 24 0.0
Sr2SrOsO6 91 -197 35.5 4.5 -11.5
Ba2ZnReO6 188 -130 40 14 13.7
Ba2MgReO6 229 -158 37.4 14 3
4
FIG. 4: Band structures and surface spectra with densities of states (DOSs) in nonmagnetic (top) Ba2NaOsO6 and (bottom)
Sr2SrOsO6. These contain only the isolated and partially filled t2g manifolds. (a),(d) Both (black-solid) GGA and (red-dashed)
GGA+SOC band structures. The band structure of Ba2NaOsO6 is consistent with the previous one in Ref. [1]. Surface
spectra and DOSs without SOC in (b) and (e), and with SOC in (c) and (f). The surface DOSs are given in arbitrary units.
The surface states lead to sharp peaks in the surface DOSs. In the surface spectra plots, obtained in the conventional cubic
cell, the strong yellowish lines represent the surface states. (g) WCCs of Ba2NaOsO6 at the kz = 0 plane, indicating the mirror
Chern number CM = 2.
of Eq. (3) with the three NN and one NNN hopping pa-
rameters that are given in Table I. In this section, we will
focus on the osmates, and the rhenates will be discussed
in the next section.
A. Nonmagnetic phases
Figures 4(a) and 4(d) show the blowup NM band
structures, including only the isolated t2g orbital, of
Ba2NaOsO6 and Sr2SrOsO6 in the GGA level without
and with SOC. Both band structures are very similar to
each other, but the bandwidth of Sr2SrOsO6 is about
twice that of Ba2NaOsO6 despite their similar volumes.
As shown in Table I, the difference is mainly reflected
in tσ, which is about
2
3
larger in Sr2SrOsO6. Note that
an additional small NNN hopping parameter t′pi ≈ −11
meV is necessary for describing the band structure of
Sr2SrOsO6 well. ξSOC ≈ 0.3 eV fits the SOC cases of
both systems well.
To figure out the topological characters of these os-
mates, we analyzed the band structures in detail. In the
absence of SOC, both systems show a few 4-fold degener-
ate points (including spins): two linearly crossing bands
(DPs) at the W -point and along the K − Γ line, and a
quadratic touching point at the Γ point. Notably, in spite
of the different fillings, the DPs at W lie several tens of
meV directly above EF in both systems. Consistent with
the results of our model calculations, the DPs generate
Dirac NLs on the three mirror planes, as shown in Fig.
1(b). In the surface spectral functions, shown in Figs.
4(b) and 4(e), these spinless Dirac NLs lead to a (less dis-
persive) drumhead state visible along the M¯ − Γ¯ line at
about 150 meV (Ba2NaOsO6) and 80 meV (Sr2SrOsO6).
In Ba2NaOsO6 the state emerges without bulk bands,
whereas that of Sr2SrOsO6 merges into the bulk bands.
This distinction is due to the fact that the energy EΓ is
higher than EW only for Ba2NaOsO6. The energy differ-
ence between the nodes at the Γ and W -points is given
by ∆E = EW − EΓ ≈ 3(|tσ| − 2tpi), neglecting the small
parameters.
The inclusion of SOC leads to a large gap of 0.2
eV at the DPs, resulting in the vanishing of the 4-fold
degeneracies in the whole BZ except for the quadrati-
cally touching bands at the Γ-point that are protected
by the Oh symmetry [see Figs. 4(a) and 4(d)]. The
band structures on the kz = π/a planes in both sys-
tems can thus be considered as insulating subspaces.[73]
The corresponding surface spectra of Ba2NaOsO6 and
Sr2SrOsO6 are displayed in Figs. 4(c) and 4(f), respec-
tively. In Ba2NaOsO6, most surface states, including the
Dirac cones around the X¯ point, appear in the range of
0.07 eV to 0.2 eV without any bulk bands. However,
most surface states of Sr2SrOsO6 are accompanied by
bulk bands, except on the X¯ − M¯ line, since EΓ is lower
than EW by 0.4 eV. To uncover the origin of the sur-
face states, we calculated the Z2 number on the insu-
lating subspaces using the WCC approach,[71] but the
obtained Z2 = 0 implies a non-ordinary Z2 topological
insulating phase. Additionally, the mirror Chern number
CM = (C+i − C−i)/2 = 2 was calculated with the WCC
approach, where C±i denote the individual Chern num-
bers of the eigenstates with eigenvalues ±i.[74] As shown
in Fig. 4(g), this indicates the |CM | = 2, consistent with
the two pairs of surface states that are clearly visible
along the Γ¯ − X¯ line in Fig. 4(c). Thus, the insulating
subspace can be considered as a topological crystalline
insulating phase protected by the C4v symmetry.[75, 76]
5
FIG. 5: FM band structures containing only the t2g mani-
fold of Sr2SrOsO6 in GGA+SOC(001)+U with (a) Ueff = 0
and (b) 4 eV. The latter represents the observed insulating
phase. The former is very similar to the results of our model
calculations given in Fig. 3(a). In (a), W1 and W2 indicate
WPs with the chiral charges of |χ| = 1, 2, respectively, as in
Fig. 3(a). Inclusion of correlation leads to another nodal loop
around the Γ-point, shown in the Inset of (b). In (b), a pair
of WPs appears only at 0.7 eV along the Γ−Z line. Here, all
symmetry points, except for the W ′ and Z points, are on the
kz = 0 plane.
It is worth noting that a less dispersive surface state in
Sr2SrOsO6 lies very close to EF along the M¯ − Γ¯ line,
so leading to a large DOS at about 20 meV. Thus, an
instability due to the large DOS may account for the ex-
perimentally observed high TC ∼1000 K in Sr2SrOsO6.
The touching point with the quadratic band disper-
sions in all three directions at the Γ point can be split by
a trigonal distortion, i.e. by applying a strain or pres-
sure. As a result, all bands are separated in the whole
BZ. Varying the c/a ratio of the lattice parameters with
a fixed volume shifts the touching bands along the 〈100〉
directions and coincidentally makes them cross linearly,
resulting in a DP. c-axis elongation monotonically shifts
the DP along the Z − Γ line, while c-axis compression
shifts the DP along the Γ −X line. For SOC(001), the
Z − Γ and Γ − X lines have C4v and C2v symmetries,
respectively. Thus, inclusion of SOC(001) opens a gap
at the point for the compression case, whereas the DP
survives in the elongation case.[77, 78] Such topologi-
cal transitions in the quadratically touching points are
very similar to those previously proposed in the FCC
Cu2Se.[19]
B. Ferromagnetic phase
In the uncorrelated limit, the topological characters
of FM Ba2NaOsO6 are very similar to the results of
our model calculations. In the insulating phase[1, 2],
Ba2NaOsO6 shows two MWNLs that emerge only in
the unfilled orbitals and that are similar to those in
Sr2SrOsO6 that will be studied here. Thus, in this sub-
section, we concentrate on the FM Sr2SrOsO6 with a
high TC .
Before discussing the observed insulating state, the
FIG. 6: (a) Magnetic Weyl nodal loops, appearing
on the Mz plane, of the insulating FM Sr2SrOsO6 for
GGA+U+SOC(001) with Ueff = 4 eV. The BZ-penetrating
loops are given only for the filled bands. (b),(c) Berry phases
along the Γ −K and the Γ − X lines for closed-paths cross-
ing the loops, respectively. (d) Band dispersions for the
Γ-centered nodal loops in the perpendicular and tangential
directions to the kz = 0 plane in GGA+SOC(001)+U at
Ueff = 4 eV.
correlation was excluded to investigate the sole effects of
SOC and broken-T in this system. The band structure
of GGA+SOC(001) is given in Fig. 5(a). As previously
mentioned, in addition to the type I and II WPs along
the Z−Γ line, MWNLs appear just below EF on theMz
plane. Other pieces of these MWNLs lie at about 0.85 eV
higher in energy, which is close to the strength of ∆ex.
The correlation is now included within the
GGA+SOC+U approach to obtain the FM insulat-
ing phase. At the critical value of U ceff ≈3.8 eV,
lower by about 2 eV than in the 5d1 Ba2NaOsO6,[2] a
relativistic Mott transition occurs in Sr2SrOsO6. Figure
5(b) displays the band structure at Ueff = 4 eV, where
a Mott gap of 0.1 eV is clearly visible. Remarkably, the
combination of mirror symmetry and broken T gives rise
to several MWNLs robust against SOC on the Mz plane,
as shown in Fig. 6(a). Three MWNLs emerge at about
–0.5 eV, 0.7 eV, and 1.25 eV, relative to EF , along the
W −K − Γ line . Additionally, a MWNL encircling the
Γ-point occurs at ∼0.1 eV. The last MWNL is sensitive
to the strength of U , whereas the other MWNLs are
nearly insensitive to U . Around Ueff = 4 eV, the
Γ-centered MWNL lies at ∼0.1 eV, i.e., at the bottom of
the conduction band. Above Ueff = 5 eV, the MWNL
lies at ∼ −1 eV.
To uncover the topological nature of these MWNLs,
the Berry phases were calculated for a closed path cross-
ing these NLs on the kz = 0 plane.[79] The obtained
results are displayed in Figs. 6(b) and 6(c), showing
jumps from zero to ±π, when the MWNLs touch. This
behavior indicates that both NLs are topologically non-
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FIG. 7: Energy dependent anomalous Hall conductivity σxy
of Sr2SrOsO6 in GGA+SOC(001)+U at Ueff = 4 eV. The
strong anisotropy in the SOC leads to sharp peaks at the
energy levels of the MWNLs.
trivial. We also investigated the band dispersions around
the nodes in the perpendicular and tangential directions
to the kz = 0 plane. As shown in the Fig. 6(d), the
Γ-centered loop has an unusual dispersion with tilted
crossing bands. In the perpendicular direction, these
two bands touch quadratically and have the same sign
of effective mass. These features indicate the type II-
NL,[41–44] where the Lorentz invariance is broken. On
the other hand, the BZ-penetrating loops show a usual
dispersion (not shown here), indicating the type I-NL.
Thus, this FM phase can be classified as a topological
insulator with a hybrid (or type-1.5) MWNL, which has
not been observed experimentally yet. These MWNLs
would be easily measurable, since they have a small en-
ergy dispersion of less than 40 meV.
It is worth noting that the appearance of WPs is sen-
sitive to the choice of the value U . At Ueff = 4 eV, a
pair of WPs appear only at 0.7 eV along the Γ− Z line
[see Fig. 5(b)].
C. Anomalous Hall conductivity in the
ferromagnetic phase
As mentioned previously, once SOC is included in the
FM insulating phase of Sr2SrOsO6, the MWNLs in the
mirror-symmetry broken planes become gapped, whereas
those on the Mz plane survive [see Fig. 5(b)]. These
SOC-induced small gaps near the energy level of the
MWNLs suggest a large Berry curvature. So, we calcu-
lated the anomalous Hall conductivity (AHC) σxy from
the Berry curvature.[68, 69, 80]. The obtained σxy as a
function of energy is given in Fig. 7. As expected, there
are three sharp peaks at about –0.5 eV, 0.7 eV, and 1.2
eV where the small SOC gaps appear. Interestingly, these
peaks are isolated at each energy level, making them eas-
ily measurable.
In particular, the value of σxy = 530 S/cm in the oc-
cupied band is remarkably high, about 30% larger than
the calculated value in the Heusler Fe2MnX (X = P,
FIG. 8: Left: GGA+SOC(001) band structure of FM
Ba2ZnReO6, enlarged in the range of –0.5 eV to 0.5 eV.
Two types of WPs, W1 and W2, are denoted by (violet) cir-
cles along the Γ − Z line. Other WPs at the W point and
along the Γ − K line lead to a nodal loop (see text). Cen-
ter: The corresponding spin-polarized total DOS, indicating
a half-semimetallic character. Right: Energy dependent AHC
σxy, showing two sharp peaks at 0.15 eV and at precisely EF .
As, Sb)[81] and just half of the experimentally measured
value in the FM Co3Sn2S2 showing a giant anomalous
Hall effect.[70] Using the virtual crystal approximation
by replacing the atomic number of the Sr ion in the B
site, our results suggest that this energy level is feasibly
achieved by a hole-doping of 1.15×1021 holes/cm3. Thus,
an AHC measurement is expected to be a useful tool to
observe this robust MWNL. Alternatively, this topologi-
cal character could be observed by the anomalous Nernst
effect αxy,[82, 83] which is proportional to
dσxy
dE
at EF in
the low temperature region.[80]
V. IDEAL MAGNETIC WEYL
HALF-SEMIMETALS IN FERROMAGNETIC
RHENATES
As can be realized from the hopping parameters
given in Table I, EW ∼ EΓ in Ba2MgReO6 and
Ba2ZnReO6. This results in very similar topological fea-
tures of these 5d1 rhenates in NM phase to those of the
NM Ba2NaOsO6. Besides, the FM band structures of
these rhenates are very similar to each other, except for
more bands crossing EF in Ba2MgReO6. These rhenates
commonly show the topological features obtained from
our model calculations of two types WPs and MWNLs.
Thus, we concentrate on the FM phase of Ba2ZnReO6 in
this section.
The band structure of FM Ba2ZnReO6 in
GGA+SOC(001) is displayed in the left panel of Fig.
8. The corresponding spin-polarized total DOS is given
in the center panel of Fig. 8, showing nearly no contri-
bution of the minority channel in the range –0.5 eV to
EF , and semimetallic character in the majority channel.
This indicates a half-(semi)metal, which has been consid-
ered to be a good candidate for spintronics applications.
Returning to the band structure, there are, remarkably,
only linearly crossing bands near EF except for the Z-
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FIG. 9: (a) (001) Surface spectrum and DOS (in arbitrary
units) in GGA+SOC(001) of Ba2ZnReO6. The surface DOS
shows a sharp peak at EF that results from the drumhead
state. (b) Evaluation of surface spectra on isoenergy con-
tours at EF–5, 0, +5, and +10 (in units of meV). The strong
yellowish lines denote the surface state.
point, where a tiny EF crossing appears. Nodal points
emerge at –4 meV and 17 meV (relative to EF ) along
the Γ −K line and at the W point, leading to MWNLs
on the Mz plane that are robust even in the presence of
SOC(001). The shape of these MWNLs is the same as
the BZ-penetrating one shown in Fig. 6(a). As in the
osmates, the calculated Berry phases for the NLs show a
π-jump (not shown here), indicating a topologically non-
trivial character. The corresponding surface spectrum
and DOS are given in Fig. 9(a), which shows a long
drumhead state driven by these MWNLs at EF [also see
the isoenergy contour plot of Fig. 9(b)]. Most strikingly,
the MWNLs of Ba2ZnReO6 only exist very close to EF
within the range of a few decades meV, and are tiny dis-
persive, leading to a robust drumhead state that induces
a sharp peak at EF in the surface DOS [see the right
panel of Fig. 9(a)]. Figure 9(b) shows the changes of the
isoenergy surface spectral contours, as varying the energy
in the range of EF ± 10 meV. Above EF , this drumhead
state yields a large starfish-like cone crossing almost the
whole BZ.
Additionally, along the Γ− Z line, two types of WPs,
W1 and W2, appear at EF and 0.15 eV, respectively.
These interesting topological features are suggested to
be easily measurable due to their nearness to EF with
nearly no interruption by other trivial bulk bands and
their robustness under SOC. Thus, our results indicate
that Ba2ZnReO6 is an ideal half-semimetal with single-
spin NLs and WPs, which are robust under SOC.
A large AHC σxy can be also expected for the mag-
netic WP, which leads to a large Berry curvature, as ob-
served in the half-metallic FM Co3Sn2S2.[84]. The AHC
of Ba2ZnReO6 is given in Fig. 8(c). Two sharp peaks
appear precisely at EF and at about 0.15 eV. The for-
mer peak has the value of 760 S/cm, induced by W1 and
some of the tiny SOC-gaps on the mirror-symmetry bro-
ken planes. As expected from the large chiral charge, the
multi-WP W2 strikingly leads to a notably large value of
–1160 S/cm, similar to the value of Co3Sn2S2.[84].
These topological characters of these rhenates would
be affected by the correlation strength. Our calculations
indicate that Ueff ≈ 3.3 (4.0) eV is necessary to obtain
a Mott insulating state in Ba2ZnReO6 (Ba2MgReO6).
(The detailed electronic and magnetic properties will
be discussed somewhere.)[85] As observed in several
isovalent and isostructural compounds of the double-
perovksite A2BReO6,[86] the resistivities of the rhenates
are very sensitive to the A and B ions. Therefore, even
though Ba2ZnReO6 or Ba2MgReO6 would be insulat-
ing (this remains unclear due to lack of available data), a
(semi)metallic phase can be achieved by a proper choice
of the A and B cations, resulting in the revival of the
topological characters. Further experiments are required
to clarify this.
VI. SUMMARY
Using both the effective three-band model that well
describes the isolated t2g manifolds and ab initio calcula-
tions, we investigated the abundant topological features
that emerge due to the interplay among crystalline sym-
metries, a large SOC, and a moderate correlation in the
cubic FM osmates and rhenates : 5d1 Ba2NaOsO6, 5d
2
Sr2SrOsO6, and 5d
1 Ba2BReO6 (B= Mg, Zn).
For the osmates, when the time-reversal symmetry (T )
is present, spinless Dirac nodal loops form the outer nodal
chain linked to each other at the W -points in the FCC
BZ. When T is broken, in the uncorrelated limit SOC
leads to two types of WPs along the C4v symmetry line
and magnetic Weyl nodal loops (MWNLs) on the mir-
ror planes (say,Mz for the (001) magnetization direction
of SOC). One of the WPs is a multi-WP with the chiral
charge of |χ| =2, whereas the other is a typical type-I WP
with |χ| =1. In addition to these MWNLs, which pene-
trate the BZ and are robust to even SOC and correlation
strength variation owing to the combination of mirror
symmetry and broken T , a type II-MWNL encircling the
zone center appears above the critical on-site Coulomb
repulsion U ceff for the metal-insulator transition.
Presuming (semi)metallic FMs Ba2BReO6 (B= Mg,
Zn), our results suggest that Ba2ZnReO6 is an ideal mag-
netic Weyl nodal half-semimetal showing a nearly disper-
sionless drumhead state at precisely EF and no interfer-
ence of topologically trivial bulk states even at the large
SOC strength. Thus, this suggests that Ba2ZnReO6 is
a promising candidate for novel spintronic applications.
Furthermore, these FM phases lead to the large anoma-
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lous Hall conductivities σxy, the maximum value of
∼1160 (Ωcm)−1 at 0.15 eV in Ba2ZnReO6. Finally, our
findings suggest that these interesting topological fea-
tures could commonly emerge in many cubic (or slightly
distorted) t2g systems and their energy levels could be
easily tunned by replacement of 5d ion or hole-doping.
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